ABSTRACT Twizeyimana, M., Ojiambo, P. S., Ikotun, T., Paul, C., Hartman, G. L., and Bandyopadhyay, R. 2007. Comparison of field, greenhouse, and detached-leaf evaluations of soybean germplasm for resistance to Phakopsora pachyrhizi. Plant Dis. 91:1161-1169.
During the past decade, soybean rust, caused by Phakopsora pachyrhizi, has gradually spread from Asia to Africa (19, 21) , South America (34) , and, most recently, to the continental United States (25) . Soybean rust is now endemic in Nigeria, after it was first reported in 1999 (1) . The widespread distribution and potential for severe yield losses makes soybean rust one of the most serious foliar diseases of soybean worldwide. Severely infected plants show premature defoliation and reduced green leaf area that correlates negatively with yield components (16, 17) . Yield losses ranging between 20 and 60% have been reported in Africa (10, 19) , while losses of up to 75% have been observed in Brazil when no control measures are implemented (34) .
Current strategies available for the control of soybean rust are the use of fungicides and resistant cultivars. The use of foliar fungicides to manage the disease in commercial plantings adds significantly to production costs (21) and is not a viable option in subsistence soybean production systems in most developing countries. Planting resistant cultivars still remains the most economical way to manage soybean rust. Specific resistance to P. pachyrhizi is known, and four single dominant genes have been identified as Rpp 1 , Rpp 2 , Rpp 3 , and Rpp 4 (14) . These four genes condition resistance to a limited set of rust isolates. Soybean leaves express three types of reactions depending on specific pathogen isolate and host resistance interactions. When inoculated with some isolates, plants with an immune reaction do not produce any visible symptoms. Other resistant plants produce red-brown (RB) lesions with either no uredinia or only sparsely sporulating uredinia. In contrast, genotypes expressing the susceptible TAN reaction have characteristic tan-colored lesions with many uredinia and abundant sporulation (5) .
The quest for breeding commercial cultivars with desirable agronomic traits and durable resistance continues for the highly variable population of the rust pathogen (5) present in many soybean-growing countries (14, 21) . Germplasm screening for rust resistance and development of rust-resistant cultivars have been ongoing for several years in Asia (13, 15, 26) and, more recently, in the United States (5, 22) , South America (29, 34) , and Africa (4, 18, 20) . Genetic resources for resistance have been identified and have provided the resistance genes needed to breed rustresistant cultivars (14) .
A key requirement in breeding efforts is the screening of plants for resistance to diverse pathogen populations to identify cultivars that are likely to withstand variable pathogen populations (14) . Field screening has been a routine procedure (7, 18, 20, 27) for evaluating soybean genotypes for resistance to local rust populations. A number of studies also have evaluated soybean for rust resistance under greenhouse conditions using either field populations of the pathogen (4, 15) or specific pathogen isolates (5, 22) . However, field screening can be carried out only once a year at most locations, is season dependent, and can be affected by uncontrollable environmental conditions such as temperature, humidity, and the simultaneous presence of other pathogens. The success of greenhouse screening depends on seedling age, inoculum quality and quantity, inoculation technique, and pre-and postinoculation environmental conditions. In addition, it is difficult to reliably screen a large number of germplasms against a wide range of pathogen populations in the greenhouse and under field conditions.
Growth-chamber evaluations, using detached leaves, have been used for resis-tance screening with facultative and obligate parasites (2, 24, 31) and can overcome limitations posed by field and greenhouse screening. Thus, growth-chamber evaluations can facilitate mass and rapid germplasm screening, one of the key elements in plant-breeding programs. In soybean, Burdon and Marshal (9) used a detachedleaf assay to determine the levels of rust resistance of native Glycine spp. However, no formal comparison has been made between the effectiveness of field, greenhouse, and detached-leaf assays in screening soybean for rust resistance. Therefore, the main objective of this study was to standardize the detached-leaf method and conduct such a comparison, using germplasm with different resistance levels obtained from United States Department of Agriculture-Agricultural Research Service and breeding lines developed by the International Institute of Tropical Agriculture (IITA). We also examined rust resistance of some breeding lines developed elsewhere with previously known or unknown resistance under our conditions. If proven useful, the detached-leaf assay can facilitate rapid screening of germplasm against different pathogen populations simultaneously. Preliminary results on our use of detached-leaf assay for rust screening have been reported (4) .
MATERIALS AND METHODS
Plant material. Fourteen soybean genotypes, including breeding lines with known and unknown resistance to soybean rust, were used in this study ( Table 1) . The breeding lines TGx 1485-1D and TGx 1440-1E and a local cv. Samsoy-2 were included as susceptible checks, and UG-5 was considered as a resistant check.
Inoculum preparation. Inoculum was obtained from naturally infected plants of the susceptible line TGx 1485-1D grown in a field plot, termed spore bank, earmarked for multiplying inoculum at the IITA research farm, Ibadan, Nigeria. Uredospores were harvested from the lower surface of infected leaves using a cyclone spore collector (G-R Manufacturing Company, Manhattan, KS) connected to a compressor that sucks spores by creating a vacuum in the unit. Spores were placed in 0.5-ml Eppendorf tubes and inoculum was neither monosporically derived nor purified. Spores were used for inoculation within 24 h after collection. The percentage of spores germinating was verified prior to inoculation by depositing spores on 2% water agar glass slides placed on top of water-soaked paper in petri plates and observing spore germination 24 h after incubation at 25°C (2) .
Detached-leaf assay. Maintaining green color in leaves for the duration necessary to differentiate disease severity among genotypes is a problem often encountered when using detached leaves. Thus, the first experiment was designed to amend agar medium to prolong the green color of detached leaves. In the second experiment, an optimum spore concentration for inoculating detached leaves was determined. In the third experiment, an appropriate age of a leaf for use in the assay was determined. With the knowledge of type of amended medium, leaf age, and spore concentration, soybean genotypes were screened for their disease reaction using the detached-leaf assay in the fourth experiment. All four detached-leaf experiments described below were conducted twice.
Unless otherwise stated, the following standard method was used for the detached-leaf experiments. Fully expanded young leaves of the line TGx 1485-1D grown in the greenhouse were excised, washed in five to six changes of sterile distilled water, and cut into smaller pieces, each measuring 5 cm long by 5 cm wide. The leaf pieces were spread on sterile paper towels in a laminar flow hood and the abaxial surface was sprayed with 400 μl of spore suspension using an atomizer attached to an air compressor. A single leaf piece was carefully placed in a 9-cmdiameter petri dish with adaxial side appressed on 1% technical agar (Oxoid, Unipath Ltd., Basingstoke, Hampshire, England) amended with kinetin at 10 μg/ml prior to sterilization. Lactic acid (1.5 ml/liter) and benomyl (12.5 mg/liter) were added to agar medium to inhibit growth of saprophytic fungi and bacteria. Petri dishes containing leaf pieces were incubated at 20°C with a cycle of 12 h of light and 12 h of dark, but were not sealed with Parafilm.
Effect of agar amendment. Five plant hormones and sucrose were evaluated at different concentrations in 1% technical agar medium. The concentrations tested were 5 and 15 μg/ml for gibberellic acid; 10, 20, and 50 μg/ml for kinetin; 20, 40, and 60 μg/ml for benzimidazole; 3 μg/ml for indole butyric acid (IBA); and 10, 25, and 50 μg/ml for sucrose. Plant hormones were added to agar medium following autoclaving but immediately before dispensing, except for kinetin, which was added before autoclaving. Nonamended technical agar medium was used as a control. Petri dishes with leaf pieces (one per plate) on treatment media were arranged in the incubator in a completely randomized design with six replications. Leaves were rated for percentage of green color against a color chart from 2 until 18 days after plating at 2-to 4-day intervals, using a 1-to-9 chlorosis scale in which 1 = 0 to 5% chlorosis (i.e., 95 to 100% green color), 2 = 5 to 20, 3 = 20 to 30, 4 = 30 to 40, 5 = 40 to 50, 6 = 50 to 60, 7 = 60 to 70, 8 = 70 to 80, and 9 = >80% chlorosis (30) .
Effect of inoculum concentrations. Spores were suspended in sterile distilled water and, using four hemacytometer counts, the resulting suspension was appropriately diluted with sterile distilled water, to 1 × 10 2 , 1 × 10 3 , 1 × 10 4 , 1 × 10 5 , and 1 × 10 6 spores/ml of water. Using the standard method for detached-leaf assay described above, leaf pieces were inoculated to evaluate the five inoculum concentrations. The inoculated leaf pieces and a noninoculated control were incubated in a completely randomized design with three replications. Data on total number of pustules within a 1-cm 2 area of the leaf was recorded under a dissecting microscope (×20 magnification) 17 days after inoculation. The same 1-cm 2 leaf area then was excised, placed in a vial containing 2 ml of water, shaken thoroughly in a magnetic stirrer to dislodge the spores, and the number of spores counted using a hemacytometer. The total number of spores was divided by the number of pustules in the same 1-cm 2 leaf area to determine the number of spores per pustule. Effect of leaf age. Two sets of leaves of TGx 1485-1D and TGx 1448-2E that were 1 to 2, 3 to 4, and 5 to 6 weeks old were used to determine the effect of leaf age on duration of green color and a suitable age at which to inoculate detached leaves. Leaf age was determined based on time of leaf emergence, and the middle leaflet of each leaf was used for inoculation. The standard inoculation method described above was followed for both sets of leaves, except that the first set was not inoculated whereas the second set was inoculated. Petri dishes with leaf pieces of the three age groups were arranged in an incubator in a completely randomized design with three replications (three leaf pieces, one leaf per plate). For the noninoculated set, leaves were rated for percentage of green color against a color chart as described above using the 1-to-9 chlorosis scale (30) until 18 days after leaf plating. For the inoculated set, data were collected on: days to lesion appearance, days to pustule formation, days to pustule eruption, number of pustules, and spores per pustule in a 1-cm 2 leaf area. Leaves were observed daily under a dissecting microscope at ×20 magnification to record the first three parameters. Sporulation was determined 18 days after inoculation in the same 1-cm 2 leaf area in which pustule numbers were counted a day earlier. The 1-cm 2 leaf area was excised, immersed in 2 ml of sterile water, shaken vigorously for 1 min using a vortex mixture to dislodge the spores, and the number of spores counted using a hemacytometer. The number of spores per pustule was calculated as described above.
Germplasm evaluation. The detachedleaf assay was evaluated for ability to discern differences in levels of resistance to P. pachyrhizi among 14 genotypes obtained from diverse sources (Table 1) . Three-to four-week-old leaves were obtained from plants in the greenhouse and leaf pieces of all genotypes prepared following the standard method for detached-leaf assay and inoculated with 1 × 10 5 spores/ml of water as described above. Petri dishes containing inoculated leaf pieces of each genotype were arranged in the incubator in a completely randomized design with three replications (three plates per genotype, one leaf per plate). Observations on inoculated detached leaves commenced 1 day after inoculation and continued for 21 days. Data were collected on: days to lesion appearance, days to pustule formation, days to pustule eruption, lesion number, lesion diameter, lesion type, and number of pustules and spores per pustule in a 1-cm 2 leaf area. Lesion diameter and lesion type were recorded 12 days after inoculation, whereas lesion numbers were recorded 17 days after inoculation.
Greenhouse screening. Seed of the 14 soybean lines were sown in 18-cmdiameter plastic pots (two pots per line and four seeds per pot) in a greenhouse. Seedlings were thinned to two plants per pot after emergence and fertilized only once at V3 stage with NPK (15:15:15) at the rate of 3 g/pot. Inoculum was freshly obtained from the spore bank and prepared as described above. At the V4 stage, about 4 weeks after planting, one fully expanded trifoliate leaf from each plant was inoculated on the abaxial side with 1.5 ml of 1 × 10 5 urediniospores/ml of sterile distilled water using a hand sprayer. Treatments were arranged in a completely randomized design with one pot serving as a replication. After inoculation, inoculated plants were covered by a polyethylene bag and adequate relative humidity and temperature for infection was provided by a fogging machine (Reldair Fogging System; Reldair bv, Edisonstraat, The Netherlands) for 12 successive hours. Polyethylene bags were removed thereafter and leaf wetness was maintained by a cycle of 10 min of fogging after every 40 min for 3 days. Observations were made from the middle leaflet of the inoculated trifoliate leaves starting 2 days after inoculation until 21 days later. Days to lesion appearance, days to pustule formation, days to pustule eruption, lesion number, lesion diameter, lesion type, number of pustules, and spores per pustule in a 1-cm 2 leaf area were recorded. In addition, disease severity (percentage of diseased area of the middle leaflet of the inoculated leaf of each plant) was recorded 21 days after inoculation. The experiment was conducted twice.
Field screening. The first experiment was designed to determine the number of rows of a test line that can be surrounded with an infector row to ensure high and uniform disease pressure on the test line plants. The highly susceptible breeding line TGx 1910-2F was used as the infector row and susceptible TGx 1448-2E was used as the test line. The infector row trial was conducted for 2 years at the IITA experimental field, Ibadan, Nigeria. Seed of the test genotype was sown on 24 and 30 September 2005 and 2006, respectively, for the first and second field experiments. In both years, seed of the infector row was sown 2 weeks prior to sowing seed for the test line. In each year, treatments were one, three, five, and seven rows of the test genotype surrounded by infector rows and were evaluated to determine their effectiveness in providing uniform and high disease pressure. Rows of the test line were 5 m long and surrounded with an infector row 0.5 m long at both ends and 6 m long on the adjacent sides. Inoculum was freshly obtained and prepared as described above and the infector row plants were inoculated at V5 when plants of test lines were at V3 growth stage. A plot with seven test rows without any surrounding infector rows served as the control treatment.
Prior to inoculation, plants of the test line were covered using a polyethylene sheet to ensure that inoculum originated primarily from infector plants. A spore concentration of 1 × 10 6 urediniospores/ml of sterile distilled water containing one drop of Tween 20 was applied to the abaxial side of the leaves of the infector plants using a 20-liter knapsack sprayer (Cooper Pegler, Burgess Hill, Sussex, UK) at growth stage V5 and R1. In both years, treatments were arranged in a completely randomized block design with three replications. To minimize interplot interference, treatment plots within a replication were separated from each other by 2 rows of maize while 1-m-long buffer of a maize crop separated replications. Entire plant disease severity (percentage of diseased leaf area) was recorded when test plants were at growth stage R6. Whole plant disease severity was obtained by taking the average disease severity for three individual middle leaflets of leaves selected from the bottom, middle, and upper layers of the plant.
Fourteen soybean lines (Table 1) were evaluated for resistance to soybean rust using TGx 1485-1D as the infector row. Seed of test lines were sown on 23 September 2005 and 23 August 2006 in a 2-m row at a spacing of 0.75 cm between rows and 20 cm between plants. Treatment plots were arranged in a completely randomized block design with three replications. Seed for the infector plants were sown 2 weeks before sowing seed for the 14 soybean lines and infector plants were placed after every three rows of the treatment lines. Inoculum source and inoculation were as described in the first experiment. Data on disease severity were recorded on 10 randomly selected test plants in each plot as described in the first experiment. A sample size of 50 lesions was used to determine the percentage of sporulation by counting the number of lesions with uredinia and expressing this as the percentage of the total sample size.
Statistical analysis. Prior to analysis, data from all four detached-leaf experiments recorded from the two runs were subjected to analysis of variance (ANOVA) to test for homogeneity of error variance (12) . No heterogeneity in the data was detected and data were pooled over runs for final analysis and presentation. Data recorded from the experiment to determine a suitable concentration of inoculum for inoculation were subjected to analysis of variance using the PROC GLM procedure of SAS (SAS Institute Inc., Cary, NC). The effect of plant hormones and leaf age on maintaining the green color of detached leaves over time was analyzed by repeated measures analysis of variance with the SAS GLM procedure. The effect of leaf age and genotypes on days to lesion appearance, days to pustule formation, days to pustule eruption, number of pustules, and spores per pustule (disease parameters) was analyzed using the PROC GLM procedure of SAS and means were sepa-
Greenhouse data recorded on the 14 soybean lines from the two runs was similarly subjected to ANOVA to test for homogeneity of error variance. No heterogeneity in the data was detected and pooled data over runs were used for final analysis and presentation. The effects of soybean lines evaluated for resistance using the detached-leaf assay and in the greenhouse and field on disease parameters were analyzed separately using the PROC GLM procedure of SAS and means were separated using LSD. Data collected on the effect of infector row on disease severity were similarly subjected to ANOVA, except that means were compared using Student-Newman-Keuls test at α = 0.05. Pearson's correlation coefficients for disease parameters recorded during evaluation of the 14 soybean lines were computed using PROC CORR procedure of SAS to compare the effectiveness of detached-leaf, greenhouse, and field methods in screening soybean for rust resistance. For field data, there was no significant genotype-year interaction and combined disease severity and sporulation data was used in the correlation analysis. All analyses were performed using SAS version 9.1.
RESULTS
Evaluation of amended media on detached leaves. Area of green color was used as a measure of deterioration of detached leaves over time. Amended media significantly (P < 0.0001) affected the amount of chlorosis, with distinct differences being observed as early as 6 days after plating. From 10 days after plating, leaves plated on media amended with kinetin at 10 mg/liter consistently had the lowest amount of chlorosis compared with leaves plated on media amended with all other plant hormones (Fig. 1) . By 18 days after plating, the amount of chlorosis in leaves plated on kinetin-amended medium was <5%, which was significantly (P < 0.05) lower than that of leaves plated on media amended with all other plant hormones. The corresponding level of chlorosis for leaves plated on the nonamended medium was about 50%.
Inoculum concentration. Inoculation of leaves of TGx 1485-1D with variable concentrations of rust spores resulted in significantly (P < 0.0001) different numbers of pustules and spores per unit leaf area. The total number of pustules and spores in a unit area increased linearly with increasing levels of inoculum concentration (Fig. 2) . These two disease variables were lowest and highest when detached leaves were inoculated with 1 × 10 2 and 1 × 10 6 spores/ ml, respectively. Age of detached leaves. The levels of chlorosis of leaves plated on kinetinamended medium were significantly (P < 0.0001) affected by the age of detached 
levels of chlorosis than leaves that were either 1 to 2 or 5 to 6 weeks old. These differences were observed starting from 10 days after plating until 18 days later (Fig. 3) . At 18 days after plating, the amount of chlorosis in 3-to 4-week-old leaves was <5%, whereas the corresponding levels of chlorosis for 1-to 2-and 5-to 6-week-old leaves were 50 and 70%, respectively.
Age of detached leaves used for inoculation did not significantly (P > 0.05) affect days to lesion appearance, days to pustule formation, and days to pustule eruption in both cultivars and number of pustules per unit area and number of spores per pustule in TGx 1448-2E (Table 2 ). However, inoculation of leaves of TGx 1485-1D that were 3 to 4 weeks old resulted in a significantly larger number of pustules (P = 0.0146) and number of spores per pustule (P = 0.0088) compared with leaves that were either 1 to 2 or 5 to 6 weeks old at the time of inoculation.
Detached-leaf screening. Soybean lines significantly (P < 0.0001) affected all the disease parameters that were recorded when genotypes were screened for resistance using the detached-leaf assay (Table  3) . Lines PI 594538A, PI 417089A, and UG-5 required significantly (P < 0.05) more days for lesion appearance, pustule formation, and pustule eruption compared with the local check Samsoy-2 and the susceptible check TGx 1485-1D. Lesions appeared 2 days earlier on the susceptible checks compared with PI 594538A and PI 417089A. No pustules were formed on leaves of line PI 594538A following inoculation (Table 2) . However, compared with the susceptible checks, pustules formed and erupted about 7 and 10 days later on UG-5 and PI 417089A, respectively. A significantly (P < 0.05) smaller number of lesions, pustules per lesion, and spores per pustule was observed on PI 594538A and soybean lines with RB reaction compared with the two check lines that had large values and TAN reactions. Lesion diameter was significantly (P < 0.05) smaller on PI 594538A than all the other lines, and genotypes with RB reaction had larger lesions compared with lines with TAN reaction.
Greenhouse screening. Disease parameters differed significantly (P < 0.0001) among the soybean lines when they were evaluated for rust resistance ( Table 4) . As was the case with the detached-leaf assay, no pustules were observed on PI 594538A when it was evaluated in the greenhouse. Compared with the two checks, pustules formed and erupted about 10 days later on PI 417089A. Soybean lines that had significantly longer time to pustule formation and eruption (>5 days) than the checks were UG-5, GC 00138-29, PI 368039, and PI 462312. Number of lesions per unit area, pustules per lesion, and spores per pustule followed a pattern similar to that observed in the detached-leaf assay, with PI 594538A, PI 417089A, and UG-5 being the most resistant. Similarly, lesion diameter was significantly (P < 0.05) smaller for PI 594538A than all the other remaining lines. All the lines with RB reaction had significantly (P < 0.05) fewer pustules per lesion and spores per pustule, and larger lesion diameters, compared with lines with TAN reaction. Disease severity on PI 594538A was about 0.1% and was significantly (P < 0.05) lower than that recorded on all the remaining genotypes except PI 417089A. Disease severity observed on the control checks, TGx 1485-1D and Samsoy-2, was about 60%.
Field screening. In both years, the number of test line rows surrounded by an infector row influenced the uniformity and the amount of disease severity on the test line plants (Table 5) . No significant (P > 0.05) differences in disease severity were observed among test line plants when the infector surrounded three rows of the test Highly significant (P < 0.0001) differences in disease severity and sporulation were observed among the 14 soybean lines when evaluated for resistance in the field (Table 6 ). As was the case with the greenhouse evaluations, PI 594538A, PI 417089A, and UG-5 were the most resistant, with disease severity levels (<2%) significantly (P < 0.05) lower than disease levels observed on the other lines. Among the breeding lines, TGx 1835-10E had the lowest disease severity (<8%), while three other TGx breeding lines (1903-3F, 1864-17F, and 1891-3F) had up to 15% diseased leaf area. Disease severity observed on the susceptible checks was >50%. Soybean lines PI 594538A, PI 417089A, and UG-5 had also the lowest levels of sporulation, ranging from 0 to 10%. Apart from TGx 1835-10E, all the breeding lines and the local check Samsoy-2 had 100% sporulation (Table 6 ). No reaction was observed on PI 594538A, whereas all the remaining PI accessions, UG-5, and GC 00138-29 had RB lesion type. All the breeding lines and the local check had TAN lesions except TGx 1835-10E, which had RB lesions.
Relationship among field, greenhouse, and detached-leaf evaluations. There were significant (P < 0.05) correlations between field and greenhouse results, with correlation coefficients ranging from 0.57 to 0.99 (Table 7) . The highest correlation coefficients were observed between disease severity in the field and pustules per lesion (r = 0.77, P = 0.0011), spores per pustule (r = 0.88, P < 0.0001), and disease severity (r = 0.99, P < 0.0001) in the greenhouse. Sporulation under field condi- w Disease data from the first and second runs were not significantly different and values shown are for combined data. LSD = least significant difference and -= no pustule formation. x LA, PF, and PE = lesion appearance, pustule formation, and pustule eruption, respectively. y HS = small, hypersensitive, pinhead-like specks; RB = reddish brown hypersensitive lesions with 0 to 6 pustules per lesion; and TAN = tan-colored lesions with 1 to 14 pustules per lesion. z Susceptible breeding lines (TGx 1485-1D and TGx 1440-1E) and a local check (Samsoy-2). v Disease data from the first and second runs were not significantly different and values shown are for combined data. LSD = least significant difference and -= no pustule formation. w LA, PF, and PE = lesion appearance, pustule formation, and pustule eruption, respectively. x DS = disease severity (diseased leaf area). y HS = small, hypersensitive, pinhead-like specks; RB = reddish brown hypersensitive lesions with 0 to 6 pustules per lesion; and TAN = tan-colored lesions with 1 to 14 pustules per lesion. z Susceptible breeding lines (TGx 1485-1D and TGx 1440-1E) and a local check (Samsoy-2).
tion also was strongly correlated with all disease parameters in the greenhouse evaluation (absolute r ranging from 0.64 to 0.91, P < 0.01). Disease severity and sporulation in the field were not significantly correlated to lesion diameter in greenhouse evaluations.
Similarly, there were significant (P < 0.05) correlations between field and detached-leaf evaluations, with correlation coefficients ranging from 0.55 to 0.92 (Table 7) . Disease severity in the field was significantly correlated with the detachedleaf data on number of lesions, pustules per lesion, and spores per pustule (r = 0.74 to 0.89, P < 0.01). Field sporulation also was similarly correlated with all the infection parameters in detached-leaf assay (r = 0.76 to 0.91, P < 0.01), except for lesion diameter.
Highly significant (P < 0.01) correlations were observed between greenhouse and detached-leaf screening data, with correlation coefficients ranging from 0.72 to 0.99 (Table 7) , except for the correlation between days to lesion appearance in the detached-leaf and days to pustule formation (r = 0.65, P = 0.0172), days to pustule eruption (r = 0.64, P = 0.0178), spores per pustule (r = -0.64, P = 0.0136), and disease severity (r = -0.57, P = 0.0323) in the greenhouse. Disease severity in the greenhouse was significantly (P < 0.01) correlated with all parameters in the detachedleaf assay except for days to lesion appearance (Table 7) .
DISCUSSION
Breeding soybean for rust resistance requires appropriate disease screening methodologies. Most commonly, screening of genotypes has been conducted under field conditions; however, field screening has limitations, because it depends on natural occurrence of suitable environmental conditions and pathogen inoculum. In addition, field screening often can be conducted only once in a year. Similarly, screening of genotypes under greenhouse conditions also requires proper conditions for disease development and only a limited number of lines can be evaluated due to space limitations. More often, such limitations restrict rapid progress in breeding plants for disease resistance. Direct inoculation of detached leaves in moist chambers is an assay that overcomes the limitations associated time and space dependency of field and greenhouse evaluations of genotypes for disease resistance. In this study, we showed that the detached-leaf assay is a reliable and rapid method to discriminate rust resistance in soybean in the laboratory in a short period of time, while providing conditions for uniform inoculum levels. In a range of lines with variable levels of resistance, different infection parameters were similar in the detached-leaf assay and evaluations under greenhouse and field conditions. Several germplasm and breeding lines with rust resistance were identified using these screening methods.
Appropriate in vitro conditions were determined for the detached-leaf assay to maximize differences in disease resistance components among soybean lines. A critical aspect of the detached-leaf assay is the prevention of chlorophyll degradation and senescence of leaf pieces before the duration required to express symptom stages and disease severity levels necessary to differentiate between cultivar responses (32) . Agar medium amended with kinetin at 10 mg/liter was able to prevent chlorophyll degradation in soybean leaves for more than 18 days after plating. In this study, kinetin (a cytokinin) was a better hormone for retarding chlorosis of leaves than gibberellic acid, which was used earlier by Burdon and Marshall (9) to evaluate native Glycine spp. for rust resistance. Hormones vary in their ability to retard senescence of detached leaves in different plant species. For example, benzimidazole has been used in the incubation medium to study sugarcane rust system (2), gibberellic acid for banana sigatoka system (30) , and cytokinin for wheat Fusarium blight (8) and rust systems (3) . A concentration of 1 × 10 6 spores/ml resulted in the highest number of pustules and spores per pustule but also higher levels of leaf necrosis. Therefore, we adopted a concentration of 1 × 10 5 spores/ml for subsequent inoculations when we evaluated genotypes for rust resistance using detached leaves and in the greenhouse. Our results also indicated that 3-to 4-week-old leaves should be used for optimal results in the detached-leaf assay.
The detached-leaf assay has several advantages. Each cycle of evaluation can be rapidly completed in about 40 days (21 days for plant growth and 18 days for disease evaluation). Further, various infection parameters can be evaluated easily at regular intervals on the same leaf to determine the rate of pathogen development and components of resistance in a large number of soybean lines, such as mapping populations. Being an obligate parasite, the rust pathogen is not easy to handle with respect to pathogen isolation, purification, maintenance, multiplication, and determining pathogenic potential. All these pathogen-handling steps can be carried out on detached leaves. Additionally, this assay is a useful tool for studying pathogenic variability that requires pure cultures of the rust pathogen, avoidance of cross contamination between cultures, inoculation of large number of rust isolates on several host differentials, and accurate quantification of pathogen development and reproduction. Certain precautions are required while conducting detached-leaf assays. Leaves should be free from mites, because they forage on rust spores which, in turn, reduce efficiency of infection. Surface sterilization of leaves with 0.1% NaOCl or 70% ethanol also should be avoided because it causes patches of necrosis that interfere with pathogen development (data not shown).
Most of the PI-and GC-accessions exhibited high levels of rust resistance when evaluated using the detached-leaf assay and under greenhouse and field conditions. The accession PI 594538A exhibited almost complete resistance to soybean rust and PI 417089A and UG-5 were highly resistant. Among the genotypes evaluated in this study, PI 594538A, PI 417089A, and PI 462312 were reported previously as resistant to rust (22) . Accession PI 462312 has a single gene (Rpp 3 ) for resistance (6) , which has been overcome by some P. pachyrhizi isolates (33) . In Uganda, lines GC 00138-29 and UG-5 were reported to have moderate and high levels of rust resistance, respectively (19) . Crosses between PI 594538A, PI 417089A, and UG-5 and the susceptible breeding line TGx 1485-1D have generated several progenies with high levels of rust resistance (data not shown). The latter observation suggests that the resistance of PI 594538A, PI 417089A, and UG-5 is heritable and these genotypes can be valuable for the development of rust resistance in soybean. Although previous evaluations of PI 594538A reported TAN reaction lesion type (22), we observed no visible reaction on this accession during our evaluations following inoculation. This difference may be attributed to the rust isolates that were used for inoculation; whereas Miles et al. (22) used a mixture of four isolates from Thailand, Brazil, Paraguay, and Zimbabwe, the isolates used in the present study originated from Nigeria.
Several breeding lines did not exhibit resistance comparable with the other soybean accessions that were evaluated in this study. It is possible that high disease pressure under our experimental conditions could have masked the low to moderate levels of horizontal resistance in these lines. However, two breeding lines, TGx 1835-10E and TGx 1895-49F, had levels of disease severity, days to lesion appearance, and pustules per lesion comparable with those of PI 462312. Specifically, TGx 1835-10E had low disease severity compared with GC 00138-29, PI 368039 and PI 462312 when evaluated under field conditions. In addition, disease severity observed on TGx 1835-10E was not different from that of GC 00138-29 in greenhouse evaluations. TGx 1835-10E has been released as a rust-resistant cultivar named MAKSOY 1N for general cultivation in Uganda (P. Tukamuhabwa, personal communication).
Strong correlations were observed between greenhouse and field disease data, except for days to pustule formation in the greenhouse and disease severity in the field. However, the former variable was strongly correlated with field sporulation. Particularly, disease severity data from field and greenhouse conditions were highly correlated. Based on our results, greenhouse screening can be especially useful when field screening is ineffective due to unsuitable environmental conditions or the simultaneous presence of other necrotic diseases that make rust evaluations difficult. However, successful greenhouse screening requires proper ambient conditions, such as temperature and relative humidity, and only a limited number of genotypes can be evaluated in a single run. Similar observations were reported by Foolad et al. (11) when investigating the utility of detached leaves for screening tomato germplasm for early blight resistance. Nonetheless, where field screening is employed, optimal results will be obtained when an infector row is planted after every three rows of test genotypes. Such an approach of using infector rows in field screening to enhance high levels of uniform disease pressure has been employed in sorghum and peanut pathosystems (23, 28) .
Results from the detached-leaf assay were very similar to those from the field and greenhouse evaluations, as judged by the significant correlations between field, greenhouse, and detached-leaf assay data. In particular, strong correlations were observed between disease severity and sporulation in the field and lesion number, pustules per lesion, and spores per pustule in the detached-leaf assay. Unlike field data, strong correlations were observed between all the disease components when genotypes were evaluated in the greenhouse and using the detached-leaf assay. Such high correlations between data from the detached-leaf assay, greenhouse, and field evaluations indicate that soybean rust screening can be carried out effectively and reliably using detached leaves. Furthermore, because the detached-leaf assay allows for simultaneous screening of soybean genotypes against multiple pathogen types, this can significantly speed up the breeding process by allowing multiple cycles of screening and selection in a given year at minimal cost. Based on these results and the potential implications for high-throughput screening, we conclude that detached-leaf assay is a useful procedure for screening soybean for rust resistance. The detached-leaf assay currently is being employed to study genetic diversity of P. pachyrhizi in Nigeria and to phenotype mapping populations for rust reaction.
